Abstract. Mitochondrial autophagy (mitophagy) is a selective form of autophagy and a critical step in excluding mitochondria damaged by stress, including hypoxia. This study aimed to determine whether the integrity of mitophagy affected production of the mitochondrial reactive oxygen species (mtROS), hypoxia inducible factor (HIF)-1α expression and aggressive characteristics in GC cells under hypoxia. Three GC cell lines, 44As3, 58As9 and MKN45, were investigated in this study. HIF-1α expression was induced in the three GC cell lines under hypoxia, with higher expression observed in 44As3 and 58As9 cells compared with MKN45 cells. Cell survival and invasion abilities under hypoxia were significantly stronger in 44As3 and 58As9 cells than MKN45 cells. Moreover, mtROS accumulated in a time-dependent manner in 44As3 and 58As9 cells, but not in MKN45 cells. ROS scavenger N-acetyl-Lcysteine (NAC) treatment resulted in strong attenuation of HIF-1α expression, whereas HIF-1α knockdown increased ROS production in the three GC cell lines under hypoxia. These results suggested that the mtROS/HIF-1α interplay affected the hypoxia-induced cancer aggressiveness. Assessment of mitophagy by LC3-I/II conversion, SQSTM1/p62 degradation and specific fluorescence markers demonstrated that hypoxiainduced mitophagy was observed only in MKN45 cells, while the process was impaired in the other two cell lines. Treatment with the autophagy inhibitor chloroquine conversely increased HIF-1α expression, mtROS generation, cell survival and invasion in hypoxic MKN45 cells. The present study revealed a novel mechanism in which the integrity of mitophagy might determine cancer aggressiveness via mtROS/HIF-1α interplay in GC cells under hypoxic conditions.
Introduction
Gastric cancer (GC) is the fourth most common malignancy in the world (1) . To date, systemic chemotherapy in addition to surgery has improved the survival in some patients with advanced GC, but treatments for patients with far advanced or potentially aggressive GC often result in poor survival owing to metastases to distant organs (2, 3) . At present, the underlying mechanisms that accelerate invasion or metastasis in GC are not well documented.
The hypoxic environment is substantial in solid tumors, where it accelerates their malignant behavior (4) (5) (6) (7) (8) . Hypoxia inducible factor (HIF)-1α is a transcription factor that is induced under hypoxic conditions and monitors the cellular response to oxygen levels in solid tumors (9, 10) . Under normoxia, prolyl hydroxylases (PHDs) hydroxylate proline residues of HIF-1α in a reaction that uses O 2 as a substrate, and the modified HIF-1α is subsequently degraded by the ubiquitin proteasome system. Under hypoxia, HIF-1α protein is stabilized owing to the absence of O 2 substrate and instead forms a heterodimer with the HIF-1β subunit (11) (12) (13) (14) . The HIF-1 complex then activates the transcription of hundreds of target genes and leads to adaptation to the hypoxic environment (11, 12 has been reported to upregulate target genes related to energy metabolism, angiogenesis, cell proliferation or survival, invasion or metastasis, and drug resistance in human cancer cells (13) (14) (15) . In GC, previous studies have also reported that HIF-1α activation following extended hypoxia strongly correlates with an aggressive tumor phenotype and poor prognosis of patients (16) (17) (18) (19) . Therefore HIF-1α is recognized as a central regulator of GC pathogenesis (14, 20) . Reactive oxygen species (ROS) such as superoxide are generated mainly through the electron transport chain (ETC) (21, 22) . Hypoxia is known to stimulate the ROS production from mitochondrial complex III in the ETC (23) . Lower levels of mitochondrial ROS (mtROS) play important roles as signaling molecules to adapt to stress and are required for normal cell homeostasis, while excessive quantities of mtROS directly damage proteins, lipids and nucleic acids, and lead to cell death (21) . Previous reports have shown that HIF-1α is also stabilized by mtROS, whereby mtROS inactivate PHDs by decreasing intracellular Fe 2+ levels through oxidization to Fe 3+ (24) (25) (26) (27) . Macroautophagy (general autophagy) is a dynamic process through which cytosol and organelles are sequestered into a double-membrane vesicle called an autophagosome and delivered to the lysosome for breakdown and recycling during challenging conditions, such as nutrient depletion or hypoxia. The core process of general autophagy is mediated by autophagy-related (ATG) genes. The conversion of LC3-I to LC3-II and degradation of SQSTM1/p62 (referred as p62) are known to indicate the autophagy process (28) (29) (30) . Mitochondrial autophagy, designated as mitophagy, is a selective form of autophagy in which mitochondria are degraded in autolysosomes (31, 32) . Mitophagy represents a critical adaptive mechanism to maintain oxygen homeostasis and to eliminate old and/or damaged mitochondrion in response to certain stresses including hypoxia (33, 34) . In addition to the core factors in the autophagy, previous studies have revealed that specific regulators such as BNIP3, NIX, Parkin, Pink1 and FUNDC1 are required for promoting mitophagy (31, (34) (35) (36) . Recently, emerging evidence has revealed that deregulation in key regulators of mitophagy is found in several cancers and suggested a possible implication in tumorigenesis (34) . For instance, Parkin located at human chromosome 6q25-q26 is frequently deleted in bladder, lung, breast and ovarian cancers. These reports highlight the roles of mitophagy-related factors as potential tumor suppressors (37, 38) . However, the mechanisms underlying deregulated mitophagy in tumorigenesis or cancer progression have not been elucidated.
In the present study, we first compared HIF-1α expression level with mtROS production and cancer aggressiveness in three GC cell lines under hypoxic conditions. We evaluated whether the integrity of mitophagy affects mtROS production and HIF-1α expression in these cells. This study presents a novel mechanism of cancer aggressiveness through activated mtROS/HIF-1α interaction, which originated from impaired mitophagy, in GC cells under hypoxic conditions.
Materials and methods
Cell culture and exposure to hypoxia. Three human GC cell lines (44As3, 58As9 and MKN45) were used in this study. The 44As3 and 58As9 cell lines were kindly provided by Dr K. Yanagihara (National Cancer Center Hospital East, Chiba, Japan); these two cell lines are scirrhous GC cell lines and have strong potential for inducing the formation of peritoneal metastasis in the orthotopic mouse model (39, 40) . MKN45 cells were purchased from Cell Bank, RIKEN BioResource Center (Tsukuba, Japan), and these cells are non-scirrhous GC cells. All cells were cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% heat-inactivated FBS and 100 µg/ml kanamycin (Meiji, Tokyo, Japan), and maintained under either normoxic conditions (20% O 2 and 5% CO 2 in air) or hypoxic conditions (1% O 2 , 5% CO 2 and 94% N 2 ) in a hypoxic chamber (Astec, Fukuoka, Japan).
Reagents. DMOG (Sigma-Aldrich) was used as the inhibitor of PHDs, NAC (Wako, Osaka, Japan) was used as the ROS scavenger and CQ (Sigma-Aldrich) as the autophagy inhibitor. The reagents were dissolved in deionized water and used at the indicated concentration. The working concentrations were determined as DMOG at 1 mM for 4 h, NAC at 20 mM for 4 h and CQ at 5 µM.
RNA interference for HIF-1α. The siRNA for the human HIF-1α gene (SASI_Hs02_00332063) and the non-silencing siRNA control (Mission ® siRNA Universal Negative Control) were purchased from Sigma-Aldrich. The siRNAs were transiently transfected into 44As3, 58As9 and MKN45 cells using a MicroPorator-mini (MP-100) (Digital Bio Technology, Seoul, Korea) in combination with the Neon™ 100-µl kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The transfectants were cultured in complete medium and harvested on days 1-2 after transfection. The transfected cells were cultured in complete medium and harvested on days 1-3 for a westren blot analysis.
Western blot analysis. Whole cell lysates from cultured cells were prepared using a lysis buffer composed of 150 mM NaCl, 50 mM Tris-HCl (pH 7.6), 0.5% Triton X-100 containing a protease inhibitor cocktail mix (Roche Diagnostics GmbH, Mannheim, Germany) and 1 mM PMSF (Sigma-Aldrich). Protein samples (15 µg) were electrophoresed with NuPAGE 4-12% or 12% Bis-Tris gel (Invitrogen, Waltham, MA, USA) and were transferred onto polyvinylidene fluoride membranes using the Trans-Blot ® Turbo™ Transfer System (Bio-Rad, Hercules, CA, USA). After blocking with 5% skim milk for 1 h, the membranes were incubated with primary antibodies overnight at 4˚C. Following incubation with the corresponding secondary antibodies, the signals were developed using the Amersham™ ECL Prime Western Blotting Detection Reagent (GE Healthcare, Buckinghamshire, UK).
Antibodies. The primary antibodies used in this study were mouse monoclonal anti-HIF-1α antibody (1:1,000, Becton-Dickinson Biosciences, NJ, USA), rabbit polyclonal anti-SQSTM1/p62 antibody (1:1,000, Cell Signaling, Danvers, MA, USA), rabbit monoclonal anti-LC3-I/II antibody (1:1,000, Cell Signaling), and mouse monoclonal anti-β-actin antibody (1:10,000, Sigma-Aldrich). Goat anti-rabbit IgG-HRP and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were used as secondary antibodies.
Real-time quantitative reverse-transcription polymerase chain reaction (RT-qPCR).
Total RNA was extracted from each cell line using an Isogen II (Nippon Gene, Osaka, Japan) according to the manufacturer's instructions. For each cell line, 1 µg of RNA was converted into cDNA using a ReverTra Ace (Toyobo, Osaka, Japan); reverse transcription reaction kit. The cDNA was used as a template for the PCR. RT-qPCR was performed by means of the LightCycler™ instrument system using the Light-Cycler-FastStart DNA Master™ SYBR Green I kit (Roche Diagnostics GmbH). The primer sequences designed according to cDNA sequences by Ensemble and NCBI Primer-BLAST system were as follows: HIF-1α sense 5'-CCTATGACCTGCTTGGTGCT-3' and antisense 5'-TAT CCAGGCTGTGTCGACTG-3' (175-bp product); and β-actin sense 5'-ACTCTTCCAGCCTTCCTTCC-3' and antisense 5'-GACAGCACTGTCTTGGCGTA-3' (120-bp product). After performing a denaturation step at 95˚C for 3 min, PCR amplification was conducted with 50 cycles of 15 sec of denaturation at 95˚C, 5 sec of annealing at 60˚C and 10 sec of extension at 72˚C. A melting curve analysis was used to control for the specificity of the amplification products. The quantitative values were normalized by the β-actin expression level, which was used as an internal control. All experiments were performed in triplicate and the mean values were calculated. The experiments were independently repeated three times.
Cell survival assay. Cell survival ability was assessed with MTS assay using the CellTiter 96 ® AQueous One Solution Cell Proliferation Assay kit (Promega Corp., Madison, WI, USA). In brief, 1.5x10 3 cells per well were seeded in triplicate in 96-well plates and incubated under hypoxic conditions. Numbers of viable cells were assessed by measuring the optical density at 490 nm using a plate reader (iMark Microplate Reader, Bio-Rad) in triplicate at 0, 12, 24 and 48 h under hypoxia. The mean values were estimated and the relative proliferation values are presented as the ratio to 0 h. The experiments were independently repeated three times.
Cell invasion assay. In vitro invasion assays were performed using the Falcon ® Permeable Support for 24-well plates with transparent PET membrane with 8.0-µm pores (Corning, NY, USA). Briefly, invasion chambers were coated with 50 µl (1 mg/ml) of Corning ® Matrigel ® Basement Membrane Matrix Phenol Red-Free (Corning) in cold RPMI-1640 medium and dried overnight. Suspensions of 1x10 5 cells in 200 µl of complete RPMI-1640 medium were placed in the upper compartments of the chamber, while the lower compartments were filled with 800 µl of conditioned medium obtained from MRC5 fibroblasts. The culture units were incubated for 24 h at 37˚C under normoxic (20% O 2 ) and hypoxic (1% O 2 ) condition. Thereafter the non-invasive cells on upper surface of the filters were then gently removed using a cotton swab moistened with medium. Viable invaded cells that had infiltrated onto the lower surface of the filter were fixed with 70% ethanol and the nuclei were stained with Mayer's hematoxylin (Muto Pure Chemicals, Tokyo, Japan). Number of the invaded cells was counted under a light microscope. The experiments were performed in triplicate and independently repeated at least three times.
Quantitative analysis of intracellular ROS. Intracellular ROS levels were estimated using the Total ROS Detection kit (Enzo Life Sciences Inc., Farmingdale, NY, USA) according to the manufacturer's instructions. In brief, cells at 50-60% confluence were incubated for 0-48 h under normoxic and hypoxic conditions. Cells were harvested using 0.05% trypsin-EDTA (Wako) and stained with ROS detection dye for 30 min at 37˚C in the dark. ROS were measured on a FACSCalibur (BectonDickinson, San Jose, CA, USA), and the intensity levels were analyzed by Cell Quest softwear program. The experiments were performed in triplicate and independently repeated at least three times. The mean fluorescence of ROS production was determined automatically and presented as the GEO mean.
Immunofluorescence. Cells were immunolabeled with the antibodies and reagents according to the manufacturer's instructions. In brief, the medium was removed and cells were washed at least twice. For staining of mitochondrion and lysosomes, Mitotracker ® Green FM (Thermo Scientific), mitochondrion selective probes, and Lysotracker ® Red DND-99 (Thermo Scientific), lysosome selective probes, were added to living cells at the final concentrations of 0.1 and 0.025 µM, respectively. Mitophagy was assessed by the colocalization of Mitotracker and Lysotracker, as described elsewhere (42) .
To evaluate mtROS, MitoSOX ® Red (Thermo Scientific), a mitochondrial superoxide indicator, was added to living cells at 5 µM. To monitor autophagy, 5 µl of Premo™ Autophagy Sensor LC3B-RFP (Thermo Scientific) was added to 1x10 4 Statistical analysis. Statistical analysis was performed using the computer software program SPSS 22 for Windows (SPSS Inc, Chicago, IL, USA). Comparisons between two groups were made using Student's t-test and the Mann-Whitney U test. P-values of <0.05 were considered to be statistically significant.
Results

HIF-1α protein levels correlate with cell survival and invasion activities in GC cell lines under hypoxia.
We first examined the relationship between HIF-1α expression levels with cell survival and invasion activities among three GC cell lines, 44As3, 58As9 and MKN45, under hypoxia. HIF-1α was induced in all cell lines at 12-48 h under hypoxic conditions. However, the HIF-1α protein levels varied among the cell lines (Fig. 1A) . Expression of HIF-1α protein, which peaked at 12-24 h of hypoxia, was more strongly induced in 44As3 and 58As9 cells in comparison to MKN45 cells. Real-time quantitative reverse-transcription polymerase chain reaction (RT-qPCR) showed that HIF-1α mRNA was expressed in all three cell lines under normoxia as well as hypoxia conditions (Fig. 1B) . The strongest mRNA expression was observed in MKN45 cells among the cell lines.
HIF-1α protein expression was further analyzed in three GC cell lines with treatment of the PHD inhibitor dimethyloxallylglycine (DMOG). HIF-1α protein expression was increased by DMOG treatment in all three GC cell lines under both normoxia and hypoxia (Fig. 1C) . Next, cell survival was analyzed by MTS assay. Cell viability of 44As3 and 58As9 cells was not affected by hypoxic stimulation. On the other hand, cell survival of MKN45 cells was suppressed for 24-48 h under hypoxia in comparison to normoxia, and the survival rate at 48 h was significantly lower under hypoxia than normoxia (Fig. 1D) . We also analyzed cell invasion activities in the three GC cell lines after 24 h of normoxia and hypoxia. Hypoxiainduced invasion was evaluated as fold induction (FI), which was estimated as the ratio of invaded cell numbers under hypoxia compared with those of normoxia. Results showed that 44As3 and 58As9 cells exhibited higher FI than MKN45 cells, both overall and under hypoxic condition (Fig. 1E) .
Mitochondrial ROS specifically accumulates in GC cell lines with aggressive characteristics. We next evaluated the level of intracellular ROS in three GC cell lines under hypoxia. As shown in Fig. 2A , ROS production was increased in 44As3 and 58As9 cells, but not in MKN45 cells under hypoxia in a time-dependent manner. ROS levels at 48-h hypoxia were significantly higher in 44As3 and 58As9 cells compared with MKN45 cells. Mitochondrial ROS (mtROS) production in the three cell lines was next investigated using MitoSOX-Red staining, a specific fluorescent marker (Fig. 2B) . Under normoxia conditions, we did not detect any mtROS determined by MitoSOX-Red staining in all three cell lines. However, MitoSOX-positive cells were observed in 44As3 and 58As9 cells, but not in MKN45 cells, after 48-h hypoxia. Merged staining with the Mitotracker mitochondria marker confirmed ROS production in the mitochondria of hypoxic 44As3 and 58As9 cells (Fig. 2B) . The rate of positive MitoSOX-stained cells at 48 h was significantly higher under hypoxia than normoxia conditions in these two cell lines. A lower frequency of MitoSOX staining was observed in MKN45 cells under both normoxia and hypoxia (Fig. 2C) .
Assessment of the interplay between ROS and HIF-1α in three GC cell lines under hypoxia.
To investigate the ROS/HIF-1α interplay under hypoxic conditions, we first analyzed HIF-1α expression with or without the treatment of the antioxidant reagent NAC. As shown in Fig. 3A , NAC treatment strongly decreased ROS production in all three cell lines under hypoxia for 12-48 h. There were significant differences in ROS levels at 48-h hypoxia between NAC treatment and no treatment in all three GC cells. Furthermore, NAC treatment strongly decreased HIF-1α expression in all cell lines under hypoxia for 12-48 h (Fig. 3B) .
We next evaluated ROS production in the three GC cell lines knocked down for HIF-1α by siRNA (KD) compared with negative control siRNA (NC). Western blot analysis confirmed that HIF-1α expression was strongly knocked down in all three cells lines transfected with HIF-1α siRNA under hypoxia (Fig. 3C) . ROS production was more strongly elevated in a time-dependent manner in each cell line knocked down for HIF-1α compared with the corresponding negative control cells at 12-48-h hypoxia (Fig. 3D ). There were significant differences in ROS levels at 48-h hypoxia between the HIF-1α knockdown cell lines and negative controls.
Assessment of general autophagy in three GC cell lines.
We next evaluated autophagy in three GC cell lines under hypoxic conditions. The conversion of LC3-I to LC3-II as well as the degradation of p62 was investigated by western blot analysis (Fig. 4A) . From 8 to 48 h under hypoxia, the expression patterns of LC3-I/II and p62 were not altered in 44As3 and 58As9 cells. On the other hand, in MKN45 cells, the LC3-II isoform was increased under hypoxia in a time-dependent manner, resulting in a decreased LC3-I/II ratio. Moreover, p62 expression disappeared in these cells from 12 h of hypoxia (Fig. 4A) . Autophagy was also analyzed by fluorescence microscopy of LC3B-RFP (Fig. 4B ). LC3B-RFP was not detected in any of the three cell lines under normoxia (data not shown). Under 48 h of hypoxia, LC3B-RFP positive cells were observed in MKN45 cells but not in 44As3 and 58As9 cells (Fig. 4B) . Furthermore, we observed co-localization of Mitotracker and LC3B-RFP in hypoxic MKN45 cells. The positive rate of LC3B-RFP was significantly higher under hypoxia conditions than in normoxia in MKN45 cells, while a lower rate was observed in 44As3 and 58As9 cells under both conditions (Fig. 4C) . 
Assessment of mitophagy in three GC cell lines.
To evaluate the hypoxic induction of mitophagy, we analyzed the co-localization of the Mitotracker mitochondrial marker and Lysotracker lysosome marker in the three GC cell lines (Fig. 5A) . Mitotracker-positive cells were observed in all three cell lines under both normoxia and hypoxia conditions. In contrast, lysosomes were more strongly stained by Lysotracker in MKN45 cells under hypoxia than normoxia. The intensity of lysosomal staining did not differ between the two conditions in 44As3 and 58As9 cells. The merged image shows the co-localization of both markers in MKN45 cells (Fig. 5A) . The positive rate of co-localized markers was significantly higher under hypoxia than normoxia in MKN45 cells, whereas there was no significant difference between the two conditions in 44As3 and 58As9 cells (Fig. 5B) .
Inhibition of mitophagy increased malignant characteristics in MKN45 cells under hypoxia.
We finally addressed whether inhibition of mitophagy by the autophagy inhibitor chloroquine diphosphate (CQ) affects ROS production, HIF-1α (Fig. 6) . Western blot analysis showed that the expression patterns of LC3-I/II and p62 did not differ between control and CQ treatment in 44As3 and 58As9 cells from 12-48 h of hypoxia. On the contrary, while we observed a decreased LC3-I/II ratio and p62 degradation in hypoxic control MKN45 cells, these findings were not observed in hypoxic MKN45 cells treated with CQ (Fig. 6A) . We also evaluated HIF-1α expression in the three cell lines under hypoxia with or without CQ treatment. HIF-1α expression was not affected in 44As3 and 58As9 cells with CQ treatment; however, the expression was restored in MKN45 cells with CQ treatment under 24-48 h of hypoxia (Fig. 6A) . FACS analysis showed that ROS levels did not differ between control and CQ-treated hypoxic 44As3 and 58As9 cells. However, ROS level was elevated in MKN45 cells with CQ treatment for 8-48 h under hypoxia in comparison to control cells. There was a significant difference in ROS levels at 48-h hypoxia between the treatments (Fig. 6B) . Immunofluorescence using both Mitotracker and MitoSOX-Red confirmed ROS production in mitochondria of CQ-treated (+) but not the untreated (-) MKN45 cells under hypoxia (Fig. 6C) . CQ treatment did not affect cell proliferation of 44As3 or 58As9 cells; however, CQ treatment increased cell survival in MKN45 cells for 12-48 h under hypoxia. There was a significant difference at 48-h hypoxia between the treatments (Fig. 6D) . CQ treatment did not affect cell invasion of 44As3 and 58As9 cells. However, cell invasion was significantly higher in MKN45 cells with CQ treatment than those with control treatment at 24 h of hypoxia (Fig. 6E) .
Discussion
We previously analyzed HIF-1α expression in an immunohistochemical study of 91 GC tissues and found positive nuclear staining of HIF-1α in 87 of 91 (95.6%) cases, suggesting that hypoxic environments frequently exist in GC tissues. We also further revealed that HIF-1α expression level is important to determine aggressive tumor characteristics such as vessel invasion, chemoresistance and poor prognosis of patients (19) . However, the precise correlation between HIF-1α expression level and cancer aggressiveness using human cancer cell lines has not been elucidated. Therefore, in the present study, we investigated the correlation between HIF-1α expression level and cancer aggressiveness using three GC cell lines under hypoxia.
We found that higher levels of HIF-1α expression were induced by hypoxia in 44As3 and 58As9 cells compared with MKN45 cells. In vitro cell survival and invasion analysis also demonstrated that these abilities under hypoxia were stronger in the 44As3 and 58As9 cells in comparison to MKN45 cells. These results suggested a positive correlation between HIF-1α expression level and hypoxia-induced aggressiveness among three GC cell lines. Notably, RT-qPCR analysis indicated that HIF-1α mRNA levels did not reflect HIF-1α protein levels in the GC cell lines. However, treatment with the PHDs inhibitor DMOG strongly restored HIF-1α protein expression in three GC cell lines under both normoxia and hypoxia. The results suggest that HIF-1α expression levels in the GC cell lines under these conditions depend on the PHDs activity, which determines the HIF-1α protein stability. Previous studies reported that intracellular ROS increased HIF-1α stability via PHDs inhibition (24-27) therefore we next compared mtROS levels among the three GC cell lines under hypoxia conditions. FACS analysis showed time-dependent accumulation of intracellular ROS in 44As3 and 58As9 cells, but not in MKN45 cells under hypoxia. Moreover, immunofluorescence confirmed the hypoxia-dependent accumulation of mtROS in 44As3 and 58As9 cells. These results indicated that the PHD activity in 44As3 and 58As9 cells might be more strongly inhibited owing to the increased mtROS than that in MKN45 cells. Reduced degradation of HIF-1α by the ubiquitin proteasome system might subsequently occur in 44As3 and 58As9 cells compared with MKN45 cells under hypoxic conditions. In contrast, NAC treatment strongly decreased HIF-1α expression in the three GC cell lines under hypoxia. These results indicated that re-activation of PHDs might be conversely promoted by ROS scavenging and increased HIF-1α degradation in the three GC cell lines under hypoxia. Taken together, ROS-dependent inactivation of PHDs may determine HIF-1α stabilization under hypoxic conditions. On the contrary, HIF-1α knockdown increased ROS production in the three GC cell lines under hypoxic conditions. Previous studies reported that HIF-1α controls ROS production under hypoxia through conversion of energy metabolism from oxidative phosphorylation to glycolysis, which is referred to as the Warburg effect. This metabolic change enables cancer cells to decrease O 2 consumption in oxidative phosphorylation, leading to reduced ROS production. Furthermore, HIF-1α is known to play a central role in the Warburg effect by upregulating target genes such as GLUT1, glycolytic enzymes, PDK1 and LDHA (11-14). We recently revealed that stable HIF-1α knockdown attenuated the hypoxic induction of Warburg effect-related genes, and induced apoptosis owing to excessive ROS production in 58As9 cells (41) . In the present study, we also noted that transient HIF-1α knockdown decreased cell survival under hypoxia in the three GC cell lines (data not shown). Therefore, HIF-1α activation under hypoxia may form a feedback loop for controlling ROS generation and cell survival in GC cells. Based on the above findings, the mtROS/ HIF-1α interplay may be activated in 44As3 and 58As9 cells, because these two cell lines possess both high mtROS production and HIF-1α overexpression. As a result, 44As3 and 58As9 cells with HIF-1α overexpression may accelerate cancer aggressiveness by more strongly upregulating expression of genes related to cell survival and invasion under hypoxia, in comparison to MKN45 with the lower activity of the mtROS/ HIF-1α interplay.
To address further mechanisms underlying the activation of the mtROS/HIF-1α interplay, we focused on mitophagy, which is essential in mitochondrial quality control, and hypothesized that the mitophagy process might be impaired, whereby the mitochondria damaged by mtROS could not be eliminated in hypoxic 44As3 and 58As9 cells. We first analyzed the expressions of LC3-I/II and p62, which are recognized as general autophagy markers (28) . Western blot analysis revealed that the LC3-I/II ratio as well as p62 expression was not altered in 44As3 and 58As9 cells under hypoxic conditions. In sharp contrast, a decreased LC3-I/II ratio and loss of p62 were observed in hypoxic MKN45 cells in a time-dependent manner. These results indicated that autophagy was induced in MKN45 cells but not in 44As3 or 58As9 cells under hypoxia. Fluorescence microscopy demonstrated that the staining of LC3B-RFP was strongly increased by hypoxia in MKN45 cells, but not in the other two cell lines. The co-localization of LC3B-RFP and Mitotracker suggested hypoxia-induced mitophagy in MKN45 cells. We further investigated the lysosomal digestion targeting the mitochondria by assessing autolysosome formation. The results showed that the co-localization of Mitotracker and Lysotracker was observed only in hypoxic MKN45 cells, and confirmed that the entire process of mitophagy is intact in MKN45 cells under hypoxia. The mtROS production by hypoxic stimulation might be controlled at a low level through the normal mitophagy process in MKN45 cells. In contrast, mtROS might be accumulated under hypoxia in 44As3 and 58As9 cells owing to impaired mitophagy. The increased mtROS might subsequently inhibit the activity of PHDs, followed by enhanced HIF-1α stability. As a result, the induced HIF-1α might facilitate the aggressive characteristics in these two cell lines under hypoxia. To confirm the mtROS/HIF-1α-induced cancer aggressiveness following impaired mitophagy, we finally investigated whether the autophagy inhibitor CQ disturbed the mitophagy process in hypoxic MKN45 cells and increased cancer aggressiveness. The results showed that the normal autophagy process was inhibited in hypoxic MKN45 cells with CQ treatment. Moreover, HIF-1α expression as well as mtROS production was elevated under hypoxic conditions in the CQ-treated cells. CQ treatment also increased the cell survival and invasion ability in MKN45 cells under hypoxia. These results indicated that the artificial impairment of mitophagy might also increase cancer aggressiveness via activating the mtROS/HIF-1α interplay in MKN45 cells. Fig. 7 summarizes a novel mechanism of hypoxia-induced cancer aggressiveness that originates from the impairment of mitophagy in GC cells.
In conclusion, the present study demonstrated for the first time that the integrity of mitophagy determined the cancer aggressiveness of GC cells under hypoxia via the activation of the mtROS/HIF-1α interplay. Isolation of abnormality of expression of genes encoding regular autophagy factors or mitophagy specific factors might be important for more precise understanding of this novel theory.
